-Organic (eg. Methanol or Acetonitrile)
INTRODUCTION
LC has remained the workhorse of proteomics and miniaturization of LC is essential to meet the demands of fast growing proteomic research and development [ 1, 2] . This is evidenced by the trends exhibited by the state of the art in LC, which have been towards smaller beads, smaller diameter columns, and correspondingly lower flow rates. Together, these trends have lead to higher resolution, increased sensitivity, and faster separations.
MEMS is ideal for realizing this need for miniaturization.
There are also many advantages to integrating the complete system onto a single chip. Perhaps most importantly, dead volume can be virtually eliminated from the LC system. In desktop LC systems, the necessary equipment is large and requires numerous fittings and tubes. The fluidic connections contribute to a sizable dead volume which increases the time necessary for separation and could possibly affect the separation quality as well. With everything optimally integrated on a single chip, delays associated with dead volume could virtually be eliminated, allowing separations to be completed much more quickly. Another advantage is the possibility of integrating on-chip sensors. This includes, but isn't limited to, sensors which measure flow rate and pressure. The ability to integrate sensors seamlessly within an LC system couid in theory produce devices which have higher reliability and better control than conventional systems being used today. Miniaturization and integration of the entire system also has the obvious ability to create smaller systems thus making them portable. The decrease in size often leads to a decrease in power consumption as well, further enhancing the possibility of portable systems, In this study, we present separations utilizing gradient elutions, as opposed to isocratic elutions. Here, elution refers to the mobile phase being pumped through the column. In an isoctatic elution, the mobile phase composition is fixed, while in a gradient elution, the mobile phase composition is varied during the separation. In the case of Rp-LC, where we have a highly hydrophobic stationary phase, we start with a mobile phase of high aqueous concentration and slowly increase the organic concentration as the separation continues. In general, the organic component is a solvent such as acetonitrile or methanol. A typical gradient is shown in Figure 1 . In practice, this technique allows the analytes to be separated based on their hydrophobicity. Gradient elutions are particularly useful when the components of a sample exhibit a very large range of hydrophobicity, which is often the case in proteomics. The same sample analyzed using an isocratic elution would result in an extremely long analysis time or incomplete separation.
The components of a typical gradient-LC-ESI system are shown in Figure 2 . The basic operation is straightforward. First, sample is injected onto the column. After the sample is injected, a gradient is passed through the column, during which the analytes will elute off the column in order of increasing hydrophobicity. The diagrammed system couples to a MS for detection by means of an ESI nozzle. Several other detection methods are also available, such as UV or electrochemical detection, but these methods have the disadvantage of not providing any information about the mass.
The majority of work regarding on-chip separations has been electrophoresis-based. AgiIent Technologies has demonstrated a microfabricated columniES1 nozzle using laser ablation of Kapton [3] . But this work lacks on-chip pumping. We have previously demonstrated an ion-exchange LC-on-a-chip with an integrated column and conductivity detection [4] , which also lacked inkgrated pumps, mixers, and the ability to couple to a MS. Perhaps the greatest barrier preventing the total integration of chip-based LC systems is the difficulty in integrating micro-scale high-pressure pumping systems. We recently demonstrated a highpressure pump based on electrolysis 151, which we utilize here.
DESIGN
The design of our chip mirrors the typical LC-ESl system shown in Figure 2 . We incorporate all the essential features onto a 1x2 cm chip. A picture of our fabricated chip is shown in Figure 3 . We incorporate three pumpsireservoirs on our chip, one for a highly aqueous solution, another for a high organic solution, and finally one far our sample. The driving force for these pumps is the pneumatic pressure generated by electrolysis of the aqueous solutions. The bulk of the volume of our reservoirs is attained ,with the chip packaging which will be described in detail in a later section. In all, each of the solvent chambers has a total volume of 10 pL and the sample chamber is 4 FL. This is more than sufficient for our typical separation requirements (e.g., 30-60 min gradients at a constant flow rate of -100 dimin).
These thee pumps feed into a mixer, Our mixer is diffusion based and consists of a long narrow restriction.
It has a cross section of 20x20 (WxH) pm2 and a total length of 2 mm. This narrow channel functions as a mixer by reducing the diffusion lengths necessary for complete mixing.
After the mixer is our column. The column is 100x20 (WXH) pm2 in CTOSS section and 1.2 cm long.
There is an opening which we can use to pack beads into the column. This column is designed to be packed using conventional slurry methods. The cross section of our column is comparable to the smaller diameter capillary columns commonly used today. Our column is much shorter than commercial columns used today, but it is sufficient to demonstrate the concept. Currently, column length is mainly limited by how well that packaging responds to the higher pressures needed with longer columns.
FinaIly, after the column we have a freestanding parylene nozzle which extends 1.5 mm past the end of the chip which we use to couple with a MS. 
FABRICATION
The chips are fabricated by combining several polymer micromachining technologies. The pump chambers are formed using SU-8 and PDMS while the mixer, the column and nozzle are all realized using parylene. The fabrication process is shown in FiguTe 4.
First, TiPt is deposited and patterned to form the electrodes. The electrodes used for electrolysis are a pair of interdigitated electrodes with widtldspacing of 5 W O pm. There are also electrodes at the base of the nozzle which are used to facilitate electrospray from the nozzle. Next, the oxide is patterned and the exposed Si is roughened using XeF2. This roughened Si serves as an anchor for the parylene. This is necessary to make sure the column and channels are able to withstand high pressures. The adhesion of parylene to either oxide or bare silicon would be inadequate for our application. Next, a 4 pm parylene layer is deposited and pattered using oxygen plasma. This bottom layer forms the bottom of the nozzle. Next, a 20 pm sacrificial photoresist layer i s spun on. A double exposure reduces the photoresist height in some areas to 5 pm. This reduction in height is necessary to form the filter structures. After a final 4 pm parylene deposition and patterning, a 50 pm SU-8 layer is spun on the chip and patterned to strengthen the parylene structures and also provide a planarized surface for further packaging. The sacrificial photoresist is then dissolved and XeFz used to undercut the nozzle. The chips are broken along the XeF2 etched trench to make the nozzle completely freestanding. 3. Pattern SU-8 (50 ptn) to planarize the surface, XeF2 etching to release the nozzle.
Pump
Packing Port Filter ESI Chamber Mixer / Column \ Nozzle Further packaging is needed to form the pump chambers. The packaging is illustrated in Figure 5 . The first layer in the packaging is a 500 pm PDMS gasket.
The second layer is a Si piece which has been etched through to further increase the volume of the chambers.
Finally, a top PDMS piece is placed over the Si, sealing the chamber.
Prior to chip operation, the necessary solvents and sample are injected into their respective chambers using a syringe. A glass cover piece is placed over the packaged chip and the entire structure is then clamped together and positioned in front of the MS.
One very important parameter in designing this chip was finding materials which are compatible with the sample and the organic solvents commonly used in HPLC. All our channels, column, and nozzle are fabricated using parylene. Parylene is an ideal material because of its excellent chemical compatibility. It is also impermeable to most liquids and gases. To strengthen our parylene channels and for packaging purposes, SU-8 is also used. SU-8 has been demonstrated as a possible material for use MS analysis [6] and is widely considered to be compatible with most organic solvents. We also use PDMS as a sealing material. PDMS is generally not used with organic solvent because of the swelling [7] . Seals made from PDMS are adequate for the pressures we expect to encounter though. PDMS is likely to have impurities leaching out of it which could contribute to background noise. To prevent this, all PDMS is soaked for several weeks in ethanol to try to remove these ieachables.
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RESULTS
The column is sluny-packed with 5 pm C18 beads before packaging. 5 pm C1g beads are mixed with IPA and mixed vigorously. The beads solution is then forced into the column at high pressure (-100 psi).
Separation of a Bovine Serum Albumin (BSA) digest is presented. Figure 6 shows the MS output as well as the control current profiles used for the pumps. In this separation, the aqueous chamber was filled with a 95/5/0.1 (water/acetonitrile/fonnic acid v/v) solution while the organic chamber was filled with a 50/50/0.1 solution. The sample chamber contained a 1 pmoUpL sample of BSA digest. The total flow rate during the gradient is estimated to be 100 nL/min with pressures inside the chambers reaching 60 psi. 500 fmol of sample was injected. The current profile was determined experimentally. Figure 7 shows the same separation done using a commercial HPLC system and column. 500 fino1 of sample was used and the gradient goes from 2% to 60% organic at a rate of 1 %lmin. The column is packed with 3 pm CIBbeads and has a diameter of 75 pm and is 10 cm long. The difference in separation quality is mainly attributed to the shorter column length on our chip (1.2 vs. 10 cm). Our chip performs similarly in terms of coverage of the BSA protein, obtaining 50% coverage compared to 60% coverage for the commercial system. Total power consumption is very low given the high efficiency of pumping with electrolysis. The 
